The characterization of microbial community dynamics using genomic methods is rapidly expanding, impacting many fields including medical, ecological, and environmental research and applications.
INTRODUCTION
Microbial community profiling using massively parallel sequencing of the 16S rRNA gene ('meta-barcoding') is widely utilized due to recent advances in high-throughput amplicon sequencing technologies that facilitate large-scale, culture-independent studies of environmental microbiota (Tringe & Hugenholtz ) . More generally, microbiology is in the process of adopting high-throughput DNA sequencing methods for the detection of pathogens (Tagliani et al. tested to guarantee effective and unbiased genomic eDNA extraction from both the common and rare species of the microbial community. On the other hand, a few recent studies have highlighted the selection of lysis buffer and purification methods as sources of variability in the characterization of microbial community composition (Yuan et al. ; Kennedy et al. ) . Although phenol-chloroformisoamyl alcohol (PCI) extraction is widely used as a DNA extraction method (Chaganti et al. ) , this method is not safe for the laboratory worker, nor environmentally friendly, and is highly time-consuming for large sample sizes. The objectives of this study were to (i) evaluate different lysis buffer and eDNA purification protocol combinations for efficiency in eDNA extraction from aquatic samples and (ii) evaluate the best lysis buffer and extraction protocol combinations for bias in microbial community composition. The completion of those two objectives allows us to identify and recommend the most efficient, safe, cost-effective, and unbiased eDNA extraction method for aquatic microbial community meta-barcoding characterization, including rare and possibly pathogenic microbial taxa.
MATERIALS AND METHODS

Sampling site and sample processing
Water samples (15 L) were collected and delivered to the laboratory on 3 different days (11, 18, and 25 August 2016) from Holiday Beach, Windsor, Ontario, Canada.
Each 15 L water sample was separated into 60 aliquots of 250 mL. Each aliquot was filtered through 0.22-micron pore size, 47 mm diameter polycarbonate filters (Isopore™, Millipore, MA). After filtration, each filter was cut in half, and each half was placed in a 2 mL sterile tube containing 50 g glass beads (0.1 mm diameter, Bio-Spec Products, Bartlesville, USA), for further lysis and extraction tests. One half was used for immediate DNA extraction (the other half kept for other applications). The resulting 60 samples (halffilters) from each sample date were divided into 20 groups of triplicates (20 × 3 ¼ 60 samples). Total nucleic acids were extracted from the filters (all sample dates and replicates) using combinations of mechanical, chemical, and enzymatic cell lysis as shown in Figure 1 . In this study, all combinations of five different lysis buffers and four different purification methods were evaluated on the three samples collected over three weeks in August 2016. eDNA purification success was evaluated by measuring DNA concentration. The DNAs that resulted from extraction protocols that yielded high quality and quantity of DNA were further evaluated by metabarcoding the V5-V6 region of 16S rRNA fragment using massively parallel (Next Generation) sequencing or 'NGS'.
Cell lysis buffers
Five different lysis buffers, cetyltrimethylammonium bromide (CTAB), digestion buffer (DB) or sodium dodecyl sulfate (SDS), guanidinium isothiocyanate (GITC), sucrose (SL), and sucrose-CTAB (SL-CTAB) were used to lyse the filtered samples ( Figure 1 ). CTAB, GITC, and SDS are chemical detergents which frequently are used to lysis cells (Nishiguchi et al. ) . However, some of them work better for some organisms/cells such as GITC which more effectively lysis mycobacteria cells (Kotlowski et al. ) . By using five different lysis buffers, we tried to test and select the best ones for eDNA extraction from freshwater samples.
(1) CTAB lysis buffer: Cell lysis was carried out by adding 400 μL of 2% CTAB; 20 g CTAB L À1 , 81 g NaCl L À1 , 0.5 M EDTA pH 7.5, 1 M Tris-HCl pH: 8 to each tube (Chaganti et al. ) .
(2) DB lysis buffer: Cell lysis was carried out by adding 400 μL of DB buffer (1 M NaCl, 1 M Tris-HCl pH: 8, 0.5 EDTA, 10% SDS) to each tube.
(3) GITC lysis buffer: Cell lysis was carried out by adding 400 μL of GITC solution (4 M GITC pH: 7.5, 50 g Sarcosyl L À1 , 5 mM EDTA pH: 8, 5 g sodium citrate L À1 , and 5 g Triton X-100 L À1 ) (Kotlowski et al. ) to each tube. After adding each lysis buffer to all aliquots (Figure 1 ), they were subjected to bead-beating by a Mini-beadbeater-16
(Lab Services BV, The Netherlands) for 1 min (three times) with intensity of 3,450 oscillations/min À1 . Then, each sample was treated with 50 μL lysozyme (Sigma-Aldrich, USA); 10 mg/mL À1 for 1 h (37 C) and then 2 μL proteinase K (Thermo Scientific, USA); 20 mg/mL À1 for 1 h (50 C). eDNA was extracted from the lysate from all lysis buffer treatments by the following purification methods.
Environmental DNA purification
We selected three DNA purification methods commonly used for eDNA purification: (1) phase separation and precipitation (PCI), (2) magnetic bead capture, and (3) membranefiltration capture. We developed specific protocols for each approach and included an automated liquid handling platform as a high-throughput option for the magnetic bead capture approach (Figure 1 ). Below, we describe each purification protocol.
PCI method
Environmental DNA from one set of the treated samples from each lysis buffer ( Figure 1 ) was purified manually with PCI as described previously (Chaganti et al. ) .
Extracted eDNA was eluted in 50 μL of 10 mM Tris-EDTA (TE) buffer (pH 7.4) and stored at À80 C until use.
Membrane-filtration method
We used AcroPrep™ 96-well filter plates (Pall Corporation, USA) with a vacuum manifold system (MAVM0960R; Millipore) to purify eDNA from 150 μL of the lysate from all lysis buffers (Elphinstone et al. ) . Extracted eDNA was eluted in 50 μL of TE buffer and kept at À80 C until use.
Magnetic bead method (Bead-Robotic)
Bead-Robotic purification was carried out using the solid phase reversible immobilization (SPRI) paramagnetic beadbased method on an automated liquid handling platform (Tecan Freedom Evo150 Liquid Handling Platform, Perkin Elmer, USA; robot protocol script provided in Supplementary material, File S1, available with the online version of this paper) (Vo & Jedlicka ) . To extract eDNA, 150 μL protocol used water samples taken on three different days. In Step 1, 60 250 mL aliquots of sampled water taken on a single date were filtered, grouped into 20 groups with three sample replicates. The samples (filters) were treated with five different lysis buffers (Step 2) and eDNA was extracted with four different extraction methods (Step 4). In
Step 5, selected combinations of lysis buffers and extraction methods (CTAB-PCI, DB-Bead-Robotic, and SL-Bead-Robotic) with high eDNA yield were subjected to 16S rRNA PCR and bacterial community meta-barcoding.
of the lysate from all lysis buffers was mixed with 225 μL of the SPRI bead solution and incubated at room temperature for 5 min to bind the DNA. The beads were separated via magnetic plate for 5 min and the cleared solution was removed. The beads were washed twice with 70% ethanol and air dried for 5 min. TE buffer (50 μL) was used as an elution buffer and extracted eDNA was transferred to a fresh tube and kept at À80 C until use.
Magnetic bead method (Bead-Manual)
Environmental DNA was purified manually from the same lysate of treated samples ( Figure 1 ) as for the other extraction trials. We manually mixed 150 μL of the lysate aliquot with 225 μL of the SPRI-bead solution, and the mixture was incubated at room temperature for 5 min. The same steps were taken to purify eDNA as in the robotic protocol, but all steps were carried out manually. TE buffer (50 μL) was used as an elution buffer and extracted eDNA kept at À80 C until use. The extracted eDNA (5 μL 
Bioinformatics and statistical analyses eDNA yield
The impact of different lysis buffers, different purification methods and sampling date as independent variables on eDNA yield was assessed using SPSS software (version 15.0) with a two-way univariate general linear model (ANOVA). Partial Eta squared was used to define the effect size of each independent variable and their interaction on eDNA yield. For those methods which yielded more than a minimum quantity of eDNA (!9 ng/μL À1 ) Tukey's HSD was performed to detect significant differences in means of eDNA yield (p < 0.05 was considered to be statistically significant).
Microbial community
The raw NGS sequence data were de-multiplexed, quality filtered, and trimmed of the adaptor, barcode, and primer sequences using QIIME. Chimeras were also removed using ChimeraSlayer in QIIME (version 1.9.0-dev) ( 
Cost-effectiveness and safety analysis
To evaluate which eDNA extraction method is best based on not only yield, but also on processing time, cost, and safety for users and the environment, we estimated the time were obtained for the robotic method than the manual method ( Figure 3 and Supplementary material, Table S1 , available with the online version of this paper). We defined a minimum threshold for eDNA quantity (9 ng/μL À1 ) to select lysis buffers and their interactions with four purification methods (Bead-Robotic, Bead-Manual, PCI, and membrane-filtration) were thus included in Tukey's post-hoc analysis (12 acceptable combinations). Post-hoc comparisons using Tukey's test indicated that eDNA yield by SL-Bead-Robotic (mean: 65.33 ± 12.9 ng/μL), CTAB-PCI (mean: 55.33 ± 5.4 ng/μL À1 ), and DB-Bead-Robotic (mean:
48.66 ± 6.56 ng/μL À1 ) were significantly higher (p < 0.05) than other methods (CTAB-Bead-Manual, SL-Bead-Manual, CTAB-Bead-Robotic, CTAB-membrane-filtration, SL-membrane-filtration, SL-PCI, SL-CTAB-PCI, DB-PCI) ( Figure 2 and Supplementary material, Table S1 , available online). Hence, those samples were selected for metabarcoding of 16S rRNA. Figure S1 , available online).
Microbial meta-barcode community analysis
Further, combined data were used to test alpha diversity indexes, and evaluate the sensitivity of methods (CTAB-PCI, DB-Bead-Robotic, and SL-Bead-Robotic) to detect the microbial community at phyla/class level and microbial genera with potential pathogens. Also, abundant, moderately abundant, rare OTUs and genera, and method-specific OTUs and genera were analyzed.
Operational taxonomic units (OTUs), community composition and diversity indexes
Alpha diversity indexes
Shannon-H index comparison between CTAB-PCI (6.95 ± 0.02), SL-Bead-Robotic (6.82 ± 0.22), and DB-Bead-Robotic (5.55 ± 0.18) indicated that there was no significant difference between the CTAB-PCI and SL-Bead-Robotic.
However, DB-Bead-Robotic showed a significant difference (p < 0.05) with both CTAB-PCI and SL-Bead-Robotic.
Moreover, the Chao-1 index showed the same pattern with a significant difference (p < 0.05) between SL-
Bead-Robotic/CTAB-PCI methods and DB-Bead-Robotic
(1,478 ± 35), while no significant difference (p > 0.05) was found between SL-Bead- Robotic (1,692 ± 19) and CTAB-PCI (1,725 ± 20) (Figure 4) . 
Microbial community at phyla/class level
Method-specific OTUs and genera comparison
Out of 1,813 detected OTUs, 1,406 OTUs were detected among the microbial community of all extraction methods (shared OTUs), while 407 OTUs were only detected by one or two extraction methods (method-specific OTUs).
Out of 407 method-specific OTUs, 382 were classified as rare OTUs while 25 OTUs were grouped as moderately abundant OTUs. CTAB-PCI (with 319 OTUs) followed by SL-Bead-Robotic (with 209 OTUs) were more effective methods than the DB-Bead-Robotic method (with 72
OTUs) in detecting method-specific OTUs (Figure 7(a) ).
The detailed comparison showed 70 and 56 method-specific
OTUs for CTAB-PCI and SL-Bead-Robotic methods, respectively, while DB-Bead-Robotic identified only 11 methodspecific OTUs (Figure 7(a) ). At the genus level, out of 435 bacterial genera, 306 genera were shared among all three extraction methods while 129 genera were method-specific (112 rare genera and 17 moderately abundant genera). Out of 129 method-specific genera, 30, 19, and 5 genera were detected by CTAB-PCI, SL-Bead-Robotic, and DB-Bead-Robotic, respectively (Figure 7(b) ). These findings together
show that CTAB-PCI and SL-Bead-Robotic are more effective in the extraction of eDNA from specific genera than DB-Bead-Robotic. For example, hard-to-lyse Gram-positive bacteria including Bacillus and Clostridium (spore-forming bacteria) and Staphylococcus were detected as methodspecific genera for both CTAB-PCI and SL-Bead-Robotic methods but not by DB-Bead-Robotic method ( Figure 6 ).
Cost-effectiveness and safety analysis
Our assessment of the best method to extract eDNA from aquatic samples to characterize the microbial community includes not only technical parameters (such as DNA yield and meta-barcoding bias), but also the costs of the methods: those costs include financial, human safety, and environmental impact costs. The financial analysis shows that extraction of genomic eDNA using magnetic beads in an automated liquid handling platform is more cost-effective than PCI or membrane-filtration for large sample sizes (Table 2) . Additionally, magnetic beads are safe for the operator and environmentally friendly, while phenol and chloroform in the PCI method and sodium iodide (NaI) in the membrane-filtration method are neither safe for the user nor environmentally sustainable. 6 and 7) . In our study, two extraction methods including CTAB-PCI and SL-Bead-Robotic showed no significant variation in the global microbial community, OTUs, and genera with potential pathogens; however, the microbial community generated by DB-Bead-Robotic was different at different levels (global microbial community, OTUs, etc.) to CTAB-PCI and SL-Bead-Robotic. The detection of rare taxa in the freshwater microbial community was deemed to be of high importance, as these taxa often represent the groups of greatest concern for human health and for ecological microbial community health. Psifidi et al. () found that out of 11 different DNA extraction methods, including three different commercial kits, the PCI method and bead extraction (in-house developed magnetic beads) were most appropriate for extracting high quality and quantity DNA from blood samples suitable for microarray analysis and NGS. Our findings also show that the bead purification method coupled with the optimal lysis buffer yielded high quality eDNA for massively parallel sequencing (NGS and meta-barcoding). In another study, Kennedy et al. () reported that commercial kits have high variability in their DNA extraction yield (228-561 ng/μL À1 and 9-36 ng/μL À1 using the FastDNA kit and the MoBio kit, respectively) from human fecal samples, which may lead to not only loss of rare taxa but also divergent core microbiome results. In our study, eDNA yield by SL-Bead-Robotic (65.33 ± 12.9 ng/μL À1 ), CTAB-PCI (55.33 ± 5.4 ng/μL À1 ), and DB-Bead-Robotic (48.66 ± 6.56 ng/μL À1 ) was much higher than the MoBio kit (9-36 ng/μL À1 ) but lower than DNA yield using the FastDNA kit in the last study (Kennedy et al. ) . However, we did not use any commercial kit in the current study and direct comparison of the extraction methods which we employed in this study with those kits is not possible. Our work shows that the core microbiome structures detected using CTAB-PCI and SL-Bead-Robotic were similar but had some variation compared to DB-Bead-Robotic ( Figure 5 ). CTAB-PCI detected more rare taxa and both CTAB-PCI and SL-Bead-Robotic were more effective in the detection of eDNA from bacteria associated with human health issues. More recently, magnetic bead purification coupled with automated liquid handling platforms for DNA purification from microbial communities have been recommended (Marotz et al. ) ; however, they used a commercial kit (MoBio PowerMag Soil DNA isolation kit, Qiagen, CA) to lysis the samples, which is not cost-effective for large sample size in research or monitoring laboratories. In that study, even by using commercial kit for lysis of the samples, the average concentration of extracted DNA across all robotic purification platforms was 10-20 ng/μL À1 for high biomass samples (Marotz et al.
DISCUSSION
)
, while in our study, depending on lysis buffer, the robotic platform purified much more eDNA concentration by SL lysis buffer (65.33 ± 12.90 ng/μL À1 ), DB lysis buffer (48.66 ± 6.56 ng/μL À1 ), and CTAB lysis buffer (30.49 ± 6.82 ng/μL À1 ) and low eDNA concentration by GITC lysis buffer (2.02 ± 0.65 ng.μL À1 ) (Supplementary material, Table S1 ). All these results show that selecting the appropriate lysis buffer and eDNA purification is an important and critical step in microbial community analysis studies.
CONCLUSION
CTAB-PCI and SL-Bead-Robotic methods worked much better than the DB-Bead-Robotic method to extract high quantity eDNA from aquatic environmental samples and ensure the recovery of not only the core microbiome but also the rare critical taxa in the community. However, compared to other tested methods, the SL-Bead-Robotic is more rapid and user/environmentally safe. This, coupled with relatively low cost (does not include the infrastructure cost) and high throughput makes it the optimal solution for eDNA extraction for microbial community applications.
